Super-resolution imaging techniques based on single molecule localization microscopy (SMLM) broke the diffraction limit of optical microscopy in living samples with the aid of photoswitchable fluorescent probes and intricate microscopy systems. Here, we developed a fluorescent protein, SPOON, which can be switched-off by excitation light illumination and switched-on by thermally-induced dehydration resulting in an apparent spontaneous blinking behavior. This unique property of SPOON provides a simple SMLM-based super-resolution imaging platform which requires only a single 488 nm laser.
Main text Introduction
Super-resolution imaging techniques are now indispensable to explore biological structure at nano-meter scales in living cells 1 . To break the diffraction limit many superresolution methods have been developed. These include stimulated emission depletion (STED) 2 , reversible saturable optical fluorescence transition (RESOLFT) 3 , photoactivation localization microscopy (PALM) 4 , stochastic optical reconstruction microscopy (STORM) 5 , and structured illumination microscopy (SIM) 6 . Initially, only PALM and STORM required photoswitchable fluorescent probes. But now, many other super-resolution techniques use photoswitchable fluorescent probes to reduce illumination power density and improve biocompatibility 7 . Genetically encoded photoswitchable fluorescent proteins (PSFPs) are especially promising as they can easily be targeted to the proteins of interest in living cells 8 . Among PSFPs, Dreiklang was the first reported PSFP which can be repeatedly switched on and off by using three different wavelengths of light (360 nm, 405 nm, and 515 nm or 488 nm) 9 . In addition, Dreiklang can switch on spontaneously by thermal relaxation, which enables a simpler single molecule localization based microscopy, called DSSM (decoupled stochastic switching microscopy) 10 . In DSSM, the on-state of Dreiklang is thought to transfer to a long-lived dark state by 488 nm irradiation during observation, which makes this strategy similar to ground state depletion microscopy followed by individual molecule return (GSDIM) 11, 12 .
Compared to GSDIM, DSSM enables super-resolution imaging at relatively lower power density illumination for switching off (0.2 kW/cm 2 by 405 nm light, while GSDIM required 3 kW/cm 2 ). However, DSSM still requires 405 nm illumination to make Dreiklang adopt the fluorescent off state. Recent studies have highlighted the phototoxicity of 405 nm irradiation during super-resolution imaging which hampers biocompatiblity 13 . In addition, the requirement for close coordination of two laser lines for super-resolution imaging increases system cost, and complexity, which may be barriers to adoption among non-experts.
To overcome this problem, we developed an improved PSFP that has a fast blinking behavior due to thermal switching ON, and rapid photo switching OFF with the same 488nm excitation light needed for fluorescent emission. This enables simple superresolution imaging using single wavelength laser illumination.
Results

Development of SPOON
To develop a fast photoswitching mutant of Dreiklang, we performed extensive random mutagenesis using the Dreiklang gene as a template by error-prone PCR and DNA shuffling 14 . We transformed bacteria with the mutant cDNA library and screened ~50,000 colonies for fast switching mutants of Dreiklang. Ultimately, we obtained a mutant carrying five substitutions: I47V, T59S, M153T, S208G, and M233T (Supplementary Figure 2) . The absorption spectrum in the thermal equilibrium state (switched on) showed two peaks at 411 nm and 510 nm, and an emission peak at 527 nm. (Figure 1a , Table 1 ). The absorption peaks are responsible for photoswitching off and excitation, respectively. Upon photoswitching to the off state by 438 nm irradiation, a new absorption peak at around 339 nm appeared which is responsible for photoswitching on (Figure 1b, Supplementary Figure 3 ). Fluorescence quantum yield (QY) of the mutant and Dreiklang were 0.50 and 0.44, respectively, with a molar extinction coefficient at 510 nm of 54,000 M -1 cm -1 and 81,000 M -1 cm -1 in the mutant and Dreiklang respectively ( Table 1 ), suggesting that the brightness of mutant was slightly lower than Dreiklang itself. We named this Dreiklang mutant as SPOON, SPOntaneous switching ON fluorescent protein.
Characteristics of SPOON
The photoswitching kinetics of SPOON using purified protein embedded in a 15% polyacrylamide gel was examined. Fluorescence signals during photoswitching off were recorded upon 410 nm irradiation in the presence of excitation light (510 nm). The time constant of photoswitching off for SPOON was five times faster than that of Dreiklang (SPOON; 0.77 s vs Dreiklang; 3.97 s) (Figure 1c and Table 1 ). The speed of photoswitching on in SPOON was slightly faster than that of Dreiklang (4.84 s and 5.93 s, respectively) (Supplementary Figure 4) . The time constant of thermal switching on for SPOON was approximately 2.5 times faster than that of Dreiklang (~144.9 s and ~332.8 s, respectively) ( Figure 1d ). Photoswitching fatigue resistance of SPOON was 1.7 times longer than that of Dreiklang (Supplementary Figure 5 ). Next, we tested the oligomeric states, maturation time, and pH stability of SPOON. Both SPOON and Dreiklang showed a dimeric tendency in gel filtration chromatography (Supplementary Figure 9) , which was 1.4 times faster than that of Dreiklang (2.63±0.09 hours, n=3, mean±s.e.m.). Although the brightness of SPOON is slightly lower than that of Dreiklang according to its molar extinction coefficient and fluorescence quantum yield ( Table 1) , photon numbers and localization uncertainty were almost identical to Dreiklang (Supplementary Figure 10) .
Photoswitching upon 488 nm excitation
Interestingly, we found that continuous illumination by 488 nm light stimulated photoswitching-off in both Dreiklang and SPOON (Figure 1e ). By periodic illumination of 488 nm (100 ms irradiation followed by a 900 ms observation interval), thermal switching-on was seen. These photoswitching-off and thermal switching-on events were observed repeatedly. Photoswitching-off speed depended on the illumination power density. Rate constants of photoswitching-off were obtained by exponential decay curve fitting. At higher power density, time constant of photoswitching-off appeared to be a double, rather than a single, exponential curve, suggesting the existing of two states (Figure 1f ). We also evaluated the photoswitching-off and thermal switching-on process by conventional fluorescence microscopy in living cells expressing Dreiklang or SPOON (Supplementary Figure 10) . 472 nm illumination (15 mW/cm 2 ) induced photoswitching-off, whereas 500 nm irradiation allowed the proteins to transit fluorescent-on state. These results suggest that a novel photoswitching-off pathway is present in Dreiklang and SPOON that may not require the transition from an excited state to a long-lived triplet state described for GSDIM since the illumination power density was much smaller than that reported 11 .
Localization of SPOON in living cells
To test the performance of SPOON in living cells, we fused it with various proteins of interest and expressed these in mammalian cells. Appropriate localization of C terminal-(α-actin, Golgi body-localizing signal, fibrillarin, Cox-VIII, histone H2B, clathrin, and Nup133) and N terminal-fused (paxillin, zyxin, vimentin, β-tubulin, tyrosine-protein kinase, endoplasmic reticulum, and second-mitochondrial activator of caspase) SPOON showed the anticipated expression patterns (Supplementary Figure 11) . Although both Dreiklang and SPOON were observed as weak dimers in solution by HPLC ( Supplementary Figure 6) , these results suggest that in mammalian cells this property does not cause significant impediment to the normal function of the fusion partner.
Super-resolution imaging by single wavelength laser illumination
We next investigated if the faster thermal switching-on property of SPOON (Figure 1d (Figure 2c) . A superresolution image was reconstructed from 2,000 frames (Figure 2d ).
Discussion
Performance of SPOON
Here we report a novel fluorescent protein, SPOON, which exhibits faster thermalswitching-on and photoswitching-off kinetics than that of the parental protein Dreiklang. The photoswitching-off speed of SPOON was five times faster than that of Dreiklang. In the on-state absorption spectrum of SPOON, we found a large peak at around 405 nm (Table 1, Supplementary Figure 2 ) which may contribute to the accelerated photoswitching-off speed.
Simple biocompatible super-resolution
Although the excitation peak wavelength of both Dreiklang and SPOON is around 510 nm, these proteins can be excited by 488 nm irradiation. We have found that not only 405 nm irradiation, but also 488 nm irradiation leads to fluorescent off states. Spontaneous thermalswitching-on also occurs during illumination. This 'tug-of-war' relationship enables many long-term single molecule observations. At higher illumination power density (200 W/cm 2 or larger), the photoswitching off decay curve was fitted by a double exponential function, indicating the existence of two states (Figure 1f) . One of the components in the photoswitching-off rate is related to the transition from the on to the off state. Another may be related to photobleaching. Therefore, upon 488 nm irradiation, three-state transition models could be considered,
where D is the dark state, E is an emissive state, and B is a bleached state. As a result, SPOON emits photons in blinking manner apparently with only 488 nm illumination.
HMSiR, a tetramethyrhodamine derivative, also shows blinking under single wavelength excitation 15 , but as a dye it needs to be conjugated to its target protein outside a cell, or organ which may limit biological application.. However, these kinds of spontaneously blinking fluorophores simplify super-resolution imaging compared to other SMLM based super-resolution techniques (Supplementary Figure 13) .
In DSSM, or GSDIM, Dreiklang should be irradiated by 405 nm (200 W/cm 2 ) or intense 488 nm light (3 kW/cm 2 ) to make the on state switch off. Such strong UV illumination damages cells 13 . In this work, because the switching off feature of Dreiklang and SPOON could be triggered by 488 nm irradiation, SMLM could be performed with only one laser (Figure 2) . This improves bio-compatibility of super-resolution imaging. 
Superresolution imaging by 488 nm
HeLa cells expressing SPOON fused with vimentin were irradiated with 488 nm (1 kW/cm 2 ) for 60 seconds with a frame rate of 50 Hz (20 ms). For image reconstruction, 10 to 60 seconds imaging data were used and processed with the ImageJ plugin ThunderSTORM 21 .
